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Abstract. Thermo-hydro-mechanical-chemical simulations at the pore
scale are conducted to study the hydraulic sealing of siliciclastic rock frac-
tures as contact zones grow driven by pressure dissolution. The evolving fluid-
saturated three-dimensional pore space of the fracture results from the elas-
tic contact between self-affine, randomly rough surfaces in response to the
effective confining pressure. A diffusion-reaction equation controls pressure
solution over contact zones as a function of their emergent geometry and stress
variations. Results show that three coupled processes govern the evolution
of the fracture’s hydraulic properties: (1) the dissolution-driven convergence
of the opposing fracture walls acts to compact the pore space; (2) the growth
of contact zones reduces the elastic compression of the pore space; and (3)
the growth of contact zones leads to flow channeling and the presence of stag-
nant zones in the flow field. The dominant early-time compaction mechanism
is the elastic compression of the fracture void space, but this eventually be-
comes overshadowed by the irreversible process of pressure dissolution. Grow-
ing contact zones isolate void space and cause an increasing disproportion
between average and hydraulic aperture. This results in the loss of hydraulic
conductivity when the mean aperture is a third of its initial value and the
contact ratio approaches the characteristic value of one half. Convergence
rates depend on small wavelength roughness initially, and on long wavelength
roughness in the late time. The assumption of a characteristic roughness length
scale, therefore, leads to a characteristic time scale with an underestimation
of dissolution rates before, and an overestimation thereafter.
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1. Introduction
Geological formations are considered always to contain fractures, to some extent. Fluid
flow within such rocks is strongly influenced by the degree of connectivity between these
fractures, and their individual transmissivities. This transmissivity, however, is rarely
constant. Under conditions that allow thermo-hydro-mechanical-chemical reactions, nu-
merous experiments demonstrate potential for significant and rapid change in transmissiv-
ity [Moore et al., 1994; Durham et al., 2001; Morrow et al., 2001; Polak et al., 2003, 2004;
Beeler and Hickman, 2004; Yasuhara et al., 2006; Detwiler , 2008; Yasuhara et al., 2011;
McGuire et al., 2013; Elkhoury et al., 2013]. Whether the result is an opening or closing
over time seems to depend on the reactivity of the rock-fluid system: Low to moderate
reaction rates result in a reduction of equivalent hydraulic aperture [Moore et al., 1994;
Durham et al., 2001; Morrow et al., 2001; Polak et al., 2003, 2004; Beeler and Hickman,
2004; Yasuhara et al., 2006, 2011; McGuire et al., 2013], whereas highly reactive sys-
tems result in an increase thereof [Polak et al., 2004; Yasuhara et al., 2006; Detwiler ,
2008; Elkhoury et al., 2013]. The latter response reflects the dissolution processes on the
free fracture surface, creating new flow paths and extending existing ones. The former
implies that mechanical-chemical compaction processes at the contacting regions of the
surface govern the rate of aperture change, by removing contacting asperities and, as a
consequence of confining pressure, by convergence of the opposing fracture surfaces. This
compaction response is commonly attributed to four grain-scale processes. (1) Undercut-
ting acts in the form of dissolution at the interface between contacting asperities and the
free pore space, and leads to a reduction in local contact area and eventual collapse of the
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grain due to increased compressive stress [Bernabe´ and Evans , 2007; Karcz et al., 2008;
Detwiler , 2008]. (2) Stress-corrosion describes sub-critical crack growth in the perimeter
of contacting grains, where growth is driven by the combined effect of dissolution and ten-
sile stress concentration at the tip of micro-cracks [Atkinson, 1980; Dove, 1995; Yasuhara
and Elsworth, 2008], and eventually leads to grain collapse. (3) Contact overgrowth is a
process in which mass dissolves from the high energy, low curvature wall of the free pore
space and subsequently precipitates at the low energy, highly curved asperity contact
perimeter [Beeler and Hickman, 2015]. (4) Pressure solution (Figure 1) describes diffu-
sive flux of dissolved mass from the mechanically stressed grain-contact interface to the
hydrostatically pressured free pore space [Weyl , 1959; Rutter , 1976; Robin, 1978; Spiers
et al., 1990; Lehner , 1995; Revil , 2001].
In siliciclastic rock, it is primarily temperature that controls whether or not pressure
solution is an active process, and detectable effects in grain aggregates under controlled
conditions have been associated with temperatures above 150 ◦C [Dewers and Hajash,
1995; Niemeijer et al., 2002; He, 2003; Chester et al., 2004]. Experiments on fractures in
granite [Moore et al., 1994; Morrow et al., 2001] and in quartz [Beeler and Hickman, 2004]
observe a continuous sealing process that leads to the hydraulic closure of the fracture.
For similar experiments on quartz fractures at lower temperatures and small effective
confining pressures [Polak et al., 2003; Yasuhara et al., 2006], it was concluded that the
observed compaction rates could not be sufficiently explained by existing pressure solution
models, but were attributed to other mechanisms, such as stress corrosion [Yasuhara and
Elsworth, 2008].
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Macroscopic models [Yasuhara and Elsworth, 2004; Taron and Elsworth, 2010; Zhao
et al., 2014; Neretnieks , 2014] that quantify pressure solution compaction in rock frac-
tures often have their origin in the modeling of granular aggregates, and resort to several
approximations: (1) the use of an average, uniform value for contact stress; (2) the ideal-
ization of fracture contact as a circular or square shape; (3) uniform dissolution over the
contact zone; (4) evaluation of the hydraulic aperture as a mean of local apertures; and
(5) assumption of no elastic deformation of the pore space.
The objective of this study is to investigate the process of pressure solution in rock frac-
tures without these assumptions. To this end, a discrete multi-physics pore-scale model is
developed, by extending the direct and coupled thermo-hydro-mechanical-chemical simu-
lation approach of Bernabe´ and Evans [2007] from single, axisymmetric grain contacts to
three-dimensional models of randomly rough, self-affine surfaces. Mechanical and chemi-
cal properties are selected for a quartz-rich sandstone, e.g., an Arkansas Novaculite rock.
To generate realistic fracture representations, power spectral analysis is used to character-
ize experimentally obtained roughness measurements of a quartz fracture. Based on the
obtained parameters, a series of models are created stochastically to address limitations
in measurement resolution and sampling bias. The pressure dissolution compaction of the
heterogeneous water-silica system is governed by a non-linear diffusion-reaction equation
and the contact stress field that is continuously computed for the elastic, frictionless con-
tact between the dissolving surfaces. At all times, the free pore fluid is assumed to be at
equilibrium concentration. While it is clear that a complete analysis of the process in na-
ture would require the inclusion of advection-diffusion-reaction in the fracture void space,
a scenario in which advective transport is strong enough to relieve excess concentration
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is suggested. With this assumption, an isolated and tractable investigation of the process
of pressure solution is facilitated. A closed-form approximation of the diffusion-reaction
equation permits long-term predictions exceeding 1000 years. Results relate the growth
of contact zones, the approach of the opposing surfaces, and the change in elastic defor-
mation of the free rock walls to the evolution of fracture permeability, which is computed
using depth-averaged flow simulations. Finally, for a variety of temperature and pressure
conditions, parameters for an exponential relationship are constrained that relates mean
aperture and contact ratio.
2. Methodology
The modeling of pressure dissolution between quartz surfaces at the pore-scale follows
four steps. First, fracture surfaces are characterized using roughness power spectra anal-
ysis. Secondly, based on these surface parameters, discrete periodic models on the cen-
timeter scale are constructed. Thirdly, the elastic frictionless contact between generated
surfaces is computed numerically. Lastly, a diffusion-reaction equation is solved based on
the contact stress field to obtain dissolution-related changes in the surface geometry. A
transient algorithm couples elastic contact and hydro-chemical dissolution to study the
evolution of the fracture pore space over time. The effective permeability of the fracture
model is evaluated by solving the depth-averaged steady-state laminar flow problem. For
a list of constants used for the silica-water system the reader is referred to Table 1.
2.1. Surfaces
Rock surfaces formed by the fracturing process can be approximated by a Gaussian
height distribution and self-affine organization over a large range of length scales [Brown
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and Scholz , 1985a; Poon et al., 1992; Candela et al., 2012]. A self-affine surface forms a
fractal geometry with statistical invariance under a scale transformation of an anisotropic
aspect ratio: ∆x → η∆x and ∆h → ηH∆h, where x = (x, y) is the in-plane coordinate
vector of a roughness profile, h is the local surface height, H is the Hurst exponent, and
η is a constant quantifying the transformation magnitude. The surface roughness power
spectrum, C(q), or power spectral density (PSD), describes the height correlation of the
surface and can be used to quantify H [e.g. Persson et al., 2005]. This study uses radially
averaged roughness power spectra [Sidick , 2009] based on a discrete Fourier transformation
to characterize rock surfaces; see Figure 2 for an illustration of the roughness spectrum,
and Figure 1 for an example of a generated self-affine surface. The slope of C(q) on a log-
log scale is related to H such that the PSD of an ideal self-affine surface can be expressed
as
C(q) ∼ q−2(H+1) (1)
The mean-square roughness, 〈h2〉, reflects the integral over C(q), equivalent to the arith-
metic average over the discrete height measurements values. Given a Gaussian height
distribution, values for H and 〈h2〉 sufficiently describe a surface and are used for the
generation [Candela et al., 2009] of isotropic periodic surrogate models. The use of nu-
merically generated, statistically equivalent surfaces addresses the limited resolution of
roughness measurements of surfaces, e.g., 50 µm for Yasuhara et al. [2006], which should
not dictate the resolution of the numerical model. Furthermore, statistical surfaces can be
used to minimize finite-size effects bias by studying multiple, statistically identical realiza-
tions. The discrete nature of numerically generated surfaces of this kind requires a lower
cut-off wavelength, λ1 = 2pi/q1, that is defined by the size of the smallest representable or
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measurable feature. On the upper bound, the wavelength is limited by the sample size,
λL = 2pi/qL; see Figure 2.
2.2. Contact
It has long been recognized that the contact between rough surfaces is never complete,
but rather occurs over a small fraction of the nominal area constituted by elevated as-
perities [e.g. Archard , 1957]. The discrete asperity contact of two nominally flat bodies
under uniform confining pressure occurs over a two-dimensional plane, when viewed at a
sufficiently small scale [e.g. Greenwood and Williamson, 1966]. Theoretical derivations for
the elastic, frictionless contact between randomly rough self affine surfaces of Gaussian
height distribution [Persson, 2001] show that the normal stress distribution over the con-
tact plane can be fit by a double Gaussian distribution [Yang et al., 2006]; see Figure 3.
The distribution of contact normal stress, σ(x), over all contacting asperities is a function
of the nominal pressure, p = Fn/A0, with Fn being the applied normal force and A0 the
nominal area of the fracture surface, and the surface roughness power spectrum, C(q). In
the present context more importantly, the distribution of contact stress is a function of
the scale of investigation, ζ = L/λ1, which relates the nominal edge length L of the model
to the smallest roughness wavelength explicitly represented [Persson, 2001]. As roughness
features of smaller and smaller wavelength are being accounted for, the resulting contact
area decreases and the magnitude of stress concentrations at discrete contacts increases.
The contact ratio, Rc = Ac/A0, where Ac is the area of discrete contact, in fact, approaches
zero with decreasing lower cut-off wavelength [Borri-Brunetto et al., 2001], down to the
atomic scale where true contact in a continuum mechanics sense does not occur, but is
a matter of interpretation of repulsive forces and atomic separations [Yang et al., 2006].
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An increase in the spectrum of explicitly represented roughness wavelengths thus acts to
broaden the contact stress distribution; see Figure 3.
The concern is therefore not one of finding a characteristic length scale for the contact
between rough surfaces, for the existence of roughness across all length scales suggests
that such a scale does not exist for the concept of continuum mechanics [e.g. Luan and
Robbins , 2005]. It is rather about modeling deformation at length scales that govern
derived phenomena of interest, e.g., fluid flow and transport in the compressed pore space.
Convergence of these phenomena with decreasing wavelength can be shown by theoretical
and numerical means [e.g. Zimmerman and Bodvarsson, 1996; Schmittbuhl et al., 2008;
Vallet et al., 2009; Neuville et al., 2011].
Computation of the Effective Contact Stress Field: The frictionless contact
between elastic bodies with rough surfaces is known to depend only on the separation
field before loading [e.g. Greenwood and Williamson, 1966]. It follows that the contact
problem can be reduced to the equivalent contact between a rigid, rough surface and
an elastic, flat body of semi-infinite extent; see Figure 1. The rigid composite surface
has a surface height profile that reproduces the original aperture field upon contact with
the planar surface, and the deformable body has an elastic composite modulus E∗, also
referred to as reduced elastic modulus [Brown and Scholz , 1985b]. For a homogeneous
system, E∗ = E/[2(1 − ν2)], or half the plane-stress modulus, where E and ν are the
rocks native Young’s modulus and Poisson’s ratio, respectively. The numerical solution
to the non-linear contact problem implemented for this study is based on a Fast Fourier
Transform of the stress-displacement integrals [Stanley and Kato, 1997] embedded in a
conjugate gradient algorithm [Sainsot and Lubrecht , 2011]. The underlying grid is of
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square shape with L× L rectangular cells of uniform size. A piecewise constant effective
contact stress field, σ′(x) or σeff (x), results from the rigid surface geometry, h(x), elastic
properties, E∗, and the effective confining pressure, p′, under the assumption of a constant
and uniform fluid pressure within the fracture pore space. Figure 4(a) shows an example
of the stress field over the contacting fraction of the fracture surface. Regarding the
implementation of the contact algorithm, it should be noted that the solution is retained
in memory as an initial guess for subsequent computations on slightly altered surfaces.
This helps to increase the efficiency of the transient computation, as discussed below.
Composite Surface: The nature of the aperture profile in a rock fracture is strongly
governed by the roughness correlation between the opposing surfaces. The formation of
pronounced flow channels, for example, is a result of a mismatch at long roughness wave-
lengths [Pyrak-Nolte and Morris , 2000; Schmittbuhl et al., 2008; Schwarz and Enzmann,
2012]. For such weakly correlated surfaces in contact (Figure 1), where the mismatch re-
sults from shear displacement, the composite surface is itself self-affine of identical Hurst
exponent but with different roughness amplitude [Pei et al., 2005].
2.3. Pressure Dissolution
To model pore-scale pressure solution of three-dimensional fracture surfaces, two meth-
ods are used: a numerical solution to the non-linear diffusion-reaction equation, and a
closed form approximation derived for the contact of spherical asperities. The transient
algorithm that combines surface representation, elastic contact and dissolution for both
methods is illustrated in Figure 5.
Bernabe´ and Evans (BE) numerical model: Based on theoretical derivations by
Lehner and Leroy [2004], the instantaneous pressure dissolution mass flux, J(x) [kg m−2
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s−1], in the contact zone is given as [Bernabe´ and Evans , 2007]
J(x) = ρskd
(
Ωs
kBT
σ′(x)− ln
(
c(x)
ceq
))
(2)
where ρs [kg m
−3] is the solid density, kd [m s−1] is a temperature-dependent dissolution
rate constant, Ωs [m
3] is the molecular volume, kB [J K
−1] is the Boltzmann constant, T
[K] is the temperature, σ′ [Pa] is the local contact stress, c and ceq [-] are, respectively,
the local intergranular concentration and equilibrium concentration in the free pore space,
expressed as mass fraction. Note that the dissolution rate constant kd in its convergence
rate form [m s−1] is obtained by multiplying dissolution rate constants [mol m−2 s−1]
as reported in Rimstidt and Barnes [1980] by the molar volume [m3 mol−1] of Quartz.
Equation 2 reflects the combined dependency of pressure dissolution on the contact stress,
σ′, and super-concentration c/ceq in the intergranular zone. If diffusion is slow, transport
of dissolved mass towards the free pore space is limited and its accumulation in the contact
zone results in high interfacial concentration, limiting the dissolution flux J . Omitting
the logarithmic term in Equation 2 yields dissolution limited flux, a linear function of the
contact stress. Under the assumption of a steady-state, thickness-averaged concentration
distribution within the intergranular contact zone, J can be used as a source term to
obtain the diffusion-reaction Poisson problem [Bernabe´ and Evans , 2014]
D(x)∇2c(x) + ρskd
ρfw
(
Ωs
kBT
σ′(x)− ln
(
c(x)
ceq
))
= 0 (3)
where w [m] is the interface layer thickness of the grain-to-grain contact, and ρf [kg
m−3] is the fluid density. The physical bounds for values of c(x) are as minimum and
maximum, respectively, the temperature-dependent equilibrium concentration of the free
fluid, ceq, and the stress-enhanced equilibrium concentration in the grain-contact zone,
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ceq,s. The latter scales exponentially with the contact stress (Figure 3), and it follows
that, after replacing the molecular volume by the molar volume, and the gas constant by
the Boltzmann constant in Equation 26 of Neretnieks [2014],
ceq,s(σ
′) = ceqexp
(
σ′Ωs
kBT
)
(4)
With respect to the observed broadening of the contact stress distribution as smaller
roughness features are being accounted for, the exponential dependency in Equation 4
highlights the sensitivity of dissolution rates on the roughness wavelength spectrum, as
illustrated in Figure 3. The temperature-dependent diffusion constant, D, varies over the
fracture surface field:
D(x) =

D free pore volume
D∗ = D × f contact zones
2
1/D+1/D∗ contact-free interface
(5)
where 0 < f < 1 is a scaling constant that expresses the reduced diffusivity of the
compressed contact zone with respect to the free pore space [Revil , 2001; He et al., 2013].
A harmonic average is used for the diffusion coefficient at the interface between the contact
zone and the free fluid. Given the contact stress field σ′(x), which is considered constant
over dt, Equation 3 can be solved using a non-linear solution strategy to address the
recursive dependence of c. The chosen initial guess for the concentration profile is c(x) =
ceq. Since the effects of free-face precipitation/dissolution are not being accounted for, the
solution of c is constrained to ceq in the free pore space, i.e., for all σ
′(x) = 0. To discretize
Equation 3, a finite-volume scheme [Guyer et al., 2009] is employed on a cell-centered grid
that is congruent with the mesh used to solve the elastic contact problem. This allows the
local stress values to be used directly, without the need for interpolation. The boundary
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conditions are chosen as:
cΓ =
{
ceq Dirichlet-type, for free boundary faces
∂c
∂n
= 0 Neumann-type, for contact adjacent faces
(6)
The Neumann-type boundary condition reflects the periodicity of the fracture surface
model, assuming continued contact at the model boundary. A Picard iterative approach
was found to be the more robust solution strategy, as the convergence of a Newton scheme
required pressure/temperature-dependent fine-tuning to some extent. After the solution
for c(x) is found, and retained in memory as initial guess for subsequent solutions, the
dissolution rate [m s−1] can be obtained by back-calculating the mass flux functional:
dh
dt
(x) =
J(x)
ρs
(7)
The above procedure can then be repeated to form a time-stepping loop: (1) the solution of
the elastic contact problem yields σ′(x) based on the surface h(x, t) and effective confining
pressure p′; (2) ensuing solution of the concentration distribution c(x); (3) calculation of
dissolution flux, change of surface geometry h(x, t + ∆t) = h(x, t) − ∆tdh
dt
(x), where ∆t
is the time increment of the explicitly coupled contact-dissolution algorithm; see Figure
5. Any rotation of the elastic body due to varying dissolution rates during ∆t can be
ruled out, because of its semi-infinite extent and the treatment of the contact problem as
frictionless, which only permits for normal stresses and displacements.
Lehner and Leroy (LL) closed-form model: Under the assumption of a constant
equilibrium concentration at the hydrostatically stressed grain-to-grain contact perimeter,
Bernabe´ and Evans [2007] simplified a constitutive relationship for the convergence rate
between two spherical grains in contact developed by Lehner and Leroy [2004]. The total
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dissolution rate of asperity thickness, dh/dt [m s−1], can be expressed as
dh
dt
=
2 Ωs
kBT
〈σ′〉
2
kd
+ ρs
ρf
r2c
4ceqwD∗
(8)
where 〈..〉 denotes a spatial average, and rc [m] is the contact radius between the two
spheres to account in a linearized manner for the diffusion distance. Equation 8 is extended
to a more general form in this study:
dh
dt
(x) =
2 Ωs
kBT
σ′(x)
2
kd
+ ρs
ρf
rd(x)2
4ceqwD∗
(9)
where rd(x) [m] is the diffusion distance for each point at the interface, i.e., the distance to
the nearest free pore space part of the fracture, and σ′(x) is the effective normal contact
stress field; see Figure 4(a). The transient algorithm can be simplified given the linear
dependence of dissolution only on the contact stress and diffusion distance. Instead of a
solution to the diffusion-reaction problem, the computation of the field rd(x) is required
for each time step. The algorithm now follows as: (1) the solution of the elastic contact
problem yields σ′(x) based on the surface h(x, t) and effective confining pressure p′; (2) the
diffusion distance field rd(x) is computed; (3) the change of surface geometry is obtained
as h(x, t+ ∆t) = h(x, t)−∆tdh
dt
(x); see Figure 5.
Time Stepping: The explicit coupling of dissolution and elastic contact gives rise to
a critical value for the time increment ∆t, above which the algorithm becomes unstable.
The maximum value for the time increment is determined using sensitivity analysis. If
the chosen increment is too large, oscillations in the rigid surface and contact stress profile
form, leading to convergence failure of the diffusion-reaction problem. Below this critical
time step, stress profiles remain smooth and any further decrease in ∆t has no effect on the
transient solution, reflecting the convergence of the coupled contact-dissolution problem.
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Quantitatively, the critical value for ∆t depends on the ratio of maximum dissolution
rate and the slope of the surface around these maxima. In the present simulations it
ranges from 106 to 107 s, for temperatures of 473 and 423 K, respectively. An example of
a smooth contact stress field for a converged simulation is shown in Figure 4(a), for ∆t
= 4 x 106 s at conditions of 423 K and 5 MPa effective confining pressure. For the same
surface, and under identical conditions, Figure 4(b) shows the oscillating contact stress
field for ∆t = 4 x 107 s, where the increase in ∆t results in an unstable simulation.
2.4. Flow
The hydraulic properties of the fracture model are evaluated continuously during
the transient process of mechanical contact and chemical dissolution. Given the two-
dimensional mechanical aperture field am(x) [m] as local separation between the rigid and
the elastic surface (Figure 6), a depth-averaged fluid pressure field, pf (x) [Pa], is obtained
by solving the Reynolds lubrication equation [e.g. Zimmerman et al., 1991]:
∇ ·
(
a3m(x)
12µ
∇pf
)
= 0 (10)
where µ [Pa s] is fluid viscosity. As the numerical value of µ has no influence on the steady-
state pressure field, it is set to unity in the solution of Equation 12. Any zero mechanical
aperture of contacting elements is replaced by the interfacial diffusion thickness w for flow
simulations. Two solutions are obtained to Equation 12, which re-purpose the aperture
field congruent, cell-centered finite-volume discretization [Guyer et al., 2009] used for the
diffusion-reaction problem. For each of these solutions, indicated by I and II, boundary
conditions impose macroscopic flow along the x- and y-axis, respectively. Specifically, fluid
pressure is prescribed as a constant on opposing boundaries perpendicular to the main
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flow direction, and no-flow constraints are assigned to the flow-parallel boundaries. The
effective transmissivity of the fracture model is obtained by: (1) calculation of the flow
rate vector field u(x), as shown in Figure 4(a); (2) integration of the flow rate component
along the macroscopic flow direction over the inlet cells to find the total inflow Q, e.g.,
over the left edge in Figure 4(a) for flow parallel to the x-axis; and (3) calculation of the
fracture transmissivity, Kf , as
Kf = − Qµ
L∇pf (11)
where L is the width of the fracture inlet, or edge length of the quadratic composite
surface model, and ∇pf is the macroscopic fluid pressure gradient.
2.5. Apertures
The aperture of the rigid pore space is, at any time t during the dissolution process,
directly obtained from the composite surface as the local difference from the current max-
imum height, a(x) = hmax−h(x), independent of the elastic body and confining pressure.
The aperture of the elastically compressed pore space in response to the confining pres-
sure is obtained as the local separation between the surfaces of the rigid and elastic body,
and is herein referred to as the mechanical aperture, am. Spatial averaging of a and am,
Figure 6, denoted by 〈..〉 yields the pore volume of the rigid and compressed fracture
model, when multiplied by the nominal area A0. The effective hydraulic aperture is then
calculated through the cubic law as
ah = (12Kf )
1/3 (12)
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for two computed transmissivities corresponding to the two macroscopic pressure gra-
dients, KIf and K
II
f . An isotropic hydraulic aperture is subsequently calculated as the
arithmetic mean of aIh and a
II
h .
3. Results
This section presents results from numerical pressure solution experiments in which
different surface geometries, ambient temperatures and confining pressures are studied.
The dissolution of a single asperity is studied first and compared against a semi-analytical
approximation. Then, fracture models of weakly correlated rock surfaces illustrate the
evolution of the fracture pore space and permeability up to 10 years using the non-linear
BE model and up to over 1000 years using the linearized LL model. Finally, parameters
for a constitutive relationship relating the mean aperture and contact ratio for the use in
continuum models are constrained.
3.1. Single Grain
Figure 7 illustrates cut-planes through a single spherical asperity of radius rg = 600 µm
undergoing pressure solution upon contact with the planar surface of the elastic, semi-
infinite body proposed in Bernabe´ and Evans [2007]. An imposed normal force of Fn =
0.56 N, results in the nominal normal stress p = F0/A0 = 6.22 MPa, where the nominal
area, A0, is chosen to sufficiently cover the contact region as A0 = (rg/2)
2, and L =
256. Upon initial contact, the analytic Hertz solution for the contact radius rc(t = 0)
= 17.37 µm is recovered within one percent and yields a mean contact stress 〈σ′(0)〉 of
590 MPa; see Figure 7(d). The resulting dissolution process is studied over 6.5 years for
temperatures between 373 and 473 K for f = 0.001 and compared to a semi-analytical
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approximation. To this end, the change in contact radius rc for an infinitesimal time
interval, ∆t, can be expressed by the rate of height change of the asperity, dh
dt
, as expressed
in Equation 8 of the LL model. For the case of a spherical grain, it follows that
a(t+ dh) =
√
rc(t)2 −∆tdh
dt
2
+ ∆t
dh
dt
√
r2g − rc(t)2 (13)
The concurrent change in average contact stress used for the evaluation of dh
dt
can be
expressed as a function of the change in contact radius and its initial value:
〈σ′(t)〉 = 〈σ′(0)〉 rc(t)
2
rc(0)2
(14)
The coupled system of equations 8, 13, and 14 can be solved numerically in a straight-
forward manner. Two key characteristics of the process of pressure solution are illustrated
here. First, the equilibrating effect on the contact stress distribution (Figure 7(d)), by
preferential solution that eventually yields flat contact surfaces; see Figure 7(b). Second,
the parabolic shape of the concentration field as a consequence of the steady-state flux
assumption and circular contact area; see Figure 7(c). The discrepancy between the semi-
analytic LL model and the numerical BE model at higher temperatures (Figure 7(a)) is
likely to be explained by the transition towards diffusion-dominated dissolution at high
temperatures and large contact radii [Revil , 2001]. Under these conditions, an early de-
viation of the stress profile from parabolic Hertzian type to a more uniform distribution
[Bernabe´ and Evans , 2007], and the ensuing non-linear decrease in the concentration of
the inter-granular fluid film, takes place. Refer to Figure 3 for an illustration of the ex-
ponential scaling of ceq,s with respect to the contact stress, which indicates that the mean
stress is likely to misrepresent the resulting dissolution rates. These effects can only be
accounted for to a limited extent by the closed-form LL model.
c©2015 American Geophysical Union. All Rights Reserved.
3.2. Fractures
Figure 8 summarizes the early-time effects of pressure solution on a 1 × 1 cm fracture
model under an effective confining pressure of p′ = 10 MPa and a temperature of T =
423 K. The composite surface has been generated with a Hurst exponent of H = 0.8, a
root-mean-square roughness of hrms = 〈h2〉1/2 = 8.0 µm with a uniform square grid of L
= 256; see Figure 8(a). Upon initial contact, an average mechanical aperture of 〈am〉 =
11.3 µm is obtained. In contrast, the initial aperture of the rigid model is a significantly
larger 21.1 µm. The aperture-averaged flow solution yields an hydraulic aperture of ah =
8.6 µm. Using the non-linear LL model, pressure solution is modeled assuming that the
diffusivity in the confined intergranular layer is reduced by one order of magnitude [Revil ,
2001] with respect to the free fluid, i.e., f = 0.1. After a simulated time of ten years,
elevated regions have been dissolved (Figure 8(b)), and the contact area increased by a
factor of more than four. This leads to increased flow channeling by closure of narrow,
low aperture junctions in the vicinity of contact regions; see Figures 8(c) and 8(d) for
the initial and late flow fields, respectively. The contact zone growth is accompanied
by a truncation of the Gaussian surface height distribution and reduced contact stress
concentration. The combined effect of contact stress and contact zone geometry on the
dissolved silica concentration is illustrated in Figures 8(f) and 8(d). Small contact zones,
albeit subjected to large contact stress, show lower concentration build-ups than their
larger peers. This is a direct result of the smaller diffusion distance and faster dissipation
of dissolved mass.
The hydraulic response to this pore space compaction and contact zone growth shows
that the flow field retreats to channels of large initial apertures, as evident from Figures
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8(c) and 8(d). Considering a constant macroscopic flow rate to be accommodated, the
effect on transport is one of increased flow velocity and tortuosity, along with the creation
of stagnant dead-end zones that reduce the fraction of effective void space. The effect
on the fracture surface resembles that of a polishing mechanism acting on the uppermost
asperities; see Figure 8(b).
Effects of Roughness Wavelength Spectrum: The contact stress field and contact
area depend intrinsically on the cell size of the underlying grid. For early-time contact,
surfaces of high resolution yield high contact stresses and small contact areas, a state that
leads to high initial dissolution rates when compared to surfaces discretized using a lower
resolution. The tendency of pressure solution to equilibrate contact stress distributions
acts to mitigate this discrepancy in the long term. Figure 9 illustrates that the decline of
the mean contact stress and the hydraulic aperture converge early for a surface discretized
to different cut-off wavelengths, so that L = 1024 and 256. The roughness power spectrum
for both surfaces is shown in Figure 9(a), and illustrates the larger range of represented
roughness frequencies in the L = 1024 surface. The smaller roughness features lead to a
reduced contact area (Figure 9(b)), higher contact stresses (Figure 9(a)) and slightly larger
apertures (Figure 9(b)) at the beginning of the simulation. The higher contact stress leads
to faster dissolution rates initially. However, the relationship between contact stress and
dissolution rates results in the fast equilibration of averaged parameters between the two
surfaces. It can be concluded that, while there is no grid-convergence of the elastic contact
solution, compaction rates and the hydraulic response to the combined process of contact
and pressure solution is less sensitive to cell size and converges in the early- to medium-
time for the chosen spatial discretization. The convergence rate of a fracture therefore
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depends on small roughness wavelengths initially, but in the long term is a function of
large wavelength roughness.
Long Term Predictions: The coupled transient solution of two non-linear problems,
the elastic contact and the diffusion-reaction process, poses a computational challenge
that in the current state of implementation restricts predictions to the short term, i.e.,
simulated times of less than ten years for models of O(105) grid cells. For the purpose of
long-term predictions exceeding simulated times of one thousand years, the linearized LL
model, see Equation 9, is used; see Figure 5. A comparison over an initial ten years to the
BE model is presented in Figure 10, for 50 realizations of statistically identical surfaces.
Average parameters such as contact ratio and mechanical aperture show good agreement
over the time of comparison between the two dissolution models. The effects of relatively
large differences in maximum height between statistically identical surfaces are mitigated
extent as a result of the elastic compression. With larger stresses and temperatures,
similar disagreements in the evolution of the maximum surface height as obtained for
the single grain case (Figure 7(a)) are found, i.e., the LL model tends to underestimate
dissolution rates and, as a consequence, contact ratio and porosity reduction in the long
term, with respect to the BE model.
For a Hurst exponent of H = 0.8, two composite surface configurations of hrms = 8
and 16 µm of 1 × 1 cm are studied using a resolution of L = 256. The PSD of one of
the hrms = 16 µm surrogate surfaces in its initial state is shown in Figure 2. Prediction
runs proceed under conditions of p′ = 5 and 10 MPa and T = 423 and 473 K [Yasuhara
and Elsworth, 2004; Zhao et al., 2014] until the fracture model acts hydraulically sealing.
Specifically, the termination criterion chosen here is ah < 0.1 µm.
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A characteristic evolution of average parameters of a single fracture from the onset of
pressure solution to the loss in hydraulic conductivity is shown in Figure 11(a). It can be
seen that the inequality 〈a〉 > 〈am〉 > ah holds over the entire duration of the experiment.
Evidently, the ratio between the different apertures is not constant, but reflects effects of
contact zone growth and surface convergence on both the hydraulic and mechanical state
of the fracture. Upon initial contact, the contact ratio is small and the elastic energy
acting on the fracture is mainly accommodated by deflection of the free rock walls and
high contact stresses at small contact zones. With dissolution and the accompanying
increase of contact area, the compression of the pore space by this deflection is lessened,
mainly as the result from shortened free pore walls; see Figure 6.
A step-wise illustration of the degradation of hydraulic conductivity up to a state of
hydraulic sealing is presented in Figure 12 in form of the evolving flow vector and contact
stress fields. Aforementioned short-term characteristics of contact zone growth lead to
further cut-off of flow channels, forcing the fluid flow to retreat more and more. High
velocity junctions form where the remaining channels penetrate merging contact zones,
and stagnant dead-end zones form in flow-direction perpendicular obstacles. A rising
discrepancy between average mechanical and hydraulic aperture follows as a consequence.
In the long-term limit, contact zones start to percolate and act to seal the pore space from
flow. This onset of percolation is marked by a characteristic contact ratio approaching
one half, as shown in Figure 11(a).
Results demonstrate that the overall compaction of the pore space is a result of two cou-
pled processes: (1) the confining pressure results in contact stress at uppermost asperities
and deflection of the free rock walls; and (2) pressure solution acts to create additional
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surface area and to equilibrate the contact stress distribution through a polishing-like ef-
fect, thus reducing elastic deformation. The relative dominance of these two compaction
mechanisms varies over time as a function of the emerging pore space geometry; see Figure
11(b). The difference in total pore space compaction between the onset of the experiment
and the final state of about 35% reflects the decrease in average mechanical aperture from
12.9 to 4.2 µm. The total irreversible compaction caused by dissolution convergence at
the end of the experiment is 70%, and accounts for the decrease in average aperture of
the unstressed pore space from 23.6 to 6.8 µm. Elastic compression is computed as the
difference in pore volume between the current unstressed and stressed model, expressed in
terms of fraction of the initial unstressed pore space. The compaction resulting from the
convergence of opposing fracture walls caused by dissolution is computed as the relative
difference in the unstressed initial pore volume and the unstressed pore volume at any
given time after the dissolution process has started. The dominant compaction mecha-
nism transitions from reversible elastic to irreversible structural at early times; see Figure
11(b).
For quantitative predictions, and to reduce finite-size effects, two statistically equivalent
surface realizations have been generated for each roughness amplitude, hrms = 16 and
8 µm. Quantitative results for the contact ratio and apertures, as reported in Table 2
and Figure 13(a), are averaged values between simulation results for these realizations.
The hydraulic aperture decays exponentially with time, and temperature is the primary
control of compaction rates; see Figure 13(a). An increase from 423 to 472 K under
constant confining pressure accelerates compaction rates significantly more than does a
doubling of the confining pressure under constant temperature. The loss of hydraulic
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conductivity occurs as early as twenty-nine years after the onset of dissolution for hrms
= 8 µm, p′ = 10 MPa and T = 473 K. The longest time required for a model to seal was
1455 years for a large aperture fracture at low temperature and low confining pressure,
e.g., hrms =16 µm, p′ = 5 MPa and T = 423 K. Contact ratios at the onset of contact
zone percolation vary between 0.42 and 0.52; see Table 2. Fracture surfaces undergoing
significant pressure solution show similar changes as those subject to polishing, as evident
by the shifted PSD of a surface at the state of hydraulic sealing (Figure 2) and those of
polished surfaces [e.g. Persson et al., 2005].
The Relationship between Aperture and Contact Ratio: The following approx-
imation has been proposed [Yasuhara and Elsworth, 2004] to relate the mean aperture,
〈a〉, to the contact ratio, Rc:
〈a〉 = γ1 + γ2exp(−Rc/γ3) (15)
where γ1..3 are fitting parameters. This exponential relation has been developed based
on two premises. First, no elastic deformation is accounted for, i.e., rock is treated
as rigid. Second, a residual aperture exists, for pressure solution is assumed to cease
below some critical contact stress. Equation 15 has been used in conjunction with the
first-order approximation 〈a〉 ≈ 〈am〉 ≈ ah, independent of temperature and pressure
conditions [Yasuhara and Elsworth, 2004; Yasuhara et al., 2006; Yasuhara and Elsworth,
2008; Yasuhara et al., 2011; Zhao et al., 2014].
While results of this study indicate that there exists no unique relationship between
hydraulic aperture and contact ratio, the mean mechanical aperture of the elastically de-
formed pore space was shown to fit Equation 15 independently of pressure or temperature;
see Figure 13(b). The model presented herein, analogous to Neretnieks [2014], does not
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assume the existence of a critical stress, i.e., pressure solution acts to dissolve any surface
roughness in the long time limit. It follows that γ1 = 0, as no residual aperture is being
accounted for. A good fit is obtained for γ2 representing the initial aperture and the
exponential parameter γ3 relating inversely to the initial aperture of the fracture, i.e., the
roughness amplitude of the composite surface. Specifically, for the presented models of
Hurst exponent H = 0.8, the exponential curve-fit yields γ3 of 0.34 and 0.32, for hrms of
8 and 16 µm, respectively.
Hydraulic aperture and contact ratio have also been accounted for by means of effective
medium and percolation theory, based on aperture distribution data [Zimmerman and
Bodvarsson, 1996]:
a3h ≈ 〈am〉3
(
1− 1.5 σ
2
am
〈am〉2
)
(1− 2Rc) (16)
where 〈am〉 and σam are, respectively, the spatial average and standard deviation of the
mechanical aperture taken only over the non-contacting fraction. A comparison to the
numerically computed hydraulic aperture shows excellent agreement in the early time,
i.e., the low contact ratio regime; see Figure 14(a). With prolonged pressure solution
and increasing contact area, however, the closed-form expression overpredicts ah. The
percolation term, (1− 2Rc), imposes the loss in transmissivity at Rc,perc = 0.5 strictly, a
higher value than predicted by averaged simulation results; see Table 2.
The discrepancy between transmissivity predictions obtained through Equation 16 and
the discrete solution of the Reynolds equation may reflect that the aperture distribution
is decreasingly representable by the Gaussian parameters 〈am〉 and σam . Figure 14(b)
illustrates the dissolution driven shift from a normal to more log-normal like distribution
under constant confining pressure. In addition, the precolation limit of 0.5 assumes contact
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regions in the form of circles. The agreement between the analytical predictions and the
simulated values at late times can be improved by accounting for the fact that the contact
areas are non-circular [Zimmerman et al., 1992].
4. Discussion
One of the characteristic features of rock fractures is the existence of a residual trans-
missivity, even at very large confining pressures [Brown and Scholz , 1985a]. This reflects
an exponentially increasing repulsive force exerted by elastically deformed surface sum-
mits with continued penetration. Pressure solution acts to deteriorate such a residual
transmissivity by irreversible surface alteration, dissolving uppermost asperities. This al-
lows for a transient approach of opposing rock walls, an increase in contact ratio while the
fluid pressure and compressive normal stress remain invariable. Eventually, this polishing-
like mechanism will lead to hydraulic sealing if the rate of pressure solution compaction
outweighs any possible dissolution processes acting on the free rock walls. Such sealing
behavior has been observed for granite fractures, where precipitation of dissolved minerals
away from contacting asperities accelerated the process [Moore et al., 1994]. The effect of
precipitation on the sealing rate will strongly depend on the advection-diffusion balance
in the open pore space. For stagnant fluids, precipitation will occur in the contact zone
periphery, leading to accelerated growth of the contact zones and in turn reduced contact
stresses. A critical stress at which pressure solution ceases could prevent a sealing state
[Yasuhara and Elsworth, 2004; Taron and Elsworth, 2010], its applicability, however, is a
subject of debate [e.g. Neretnieks , 2014].
Similar to studies on the leakage behavior of rough elastic bodies [Persson and Yang ,
2008; Dapp et al., 2012], the onset of contact zone percolation was found as early as Rc ≥
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0.42, below the 0.5 theoretical prediction from percolation and effective medium theory
[Bruggeman, 1935; Kirkpatrick , 1973]. This may reflect the correlation of surface height
and the growth of contact zones, as opposed to a random process. An important question
with regard to the applicability of continuum models is whether changes in the average
mechanical aperture cause proportional changes in the equivalent hydraulic aperture. The
effect of localized growth of contact zones is of particular interest, as their shape has been
shown to be a controlling factor of fracture permeability [Zimmerman et al., 1992] and
the effective fracture void space [Zimmerman and Yeo, 2000]. It has been shown that, as
a consequence, long-term changes in transmissivity of a fracture cannot be conveniently
expressed by averages of the rigid or elastic aperture. This indicates that the assumption
in continuum models [Yasuhara and Elsworth, 2004] of a constant proportionality between
mean and hydraulic aperture is not generally applicable, but may only be valid in certain
cases of well correlated fractures or low confining pressures.
The rates of aperture reduction presented here lend further support to arguments that
pressure solution cannot be the controlling compaction mechanism for rapid permeability
reductions at low temperature-pressure experiments [Yasuhara and Elsworth, 2008]. How-
ever, experiments on fractured cores work on artificially-induced tensile fractures that are
carefully mated before confinement and fluid injection [e.g. Durham et al., 2001; Polak
et al., 2003; Yasuhara et al., 2006]. This procedure results in well-correlated fractures
with minimal damage to the rock surface. The composite surface of such contacts may
be obtained within instrumental accuracy by point-wise subtraction of roughness profile
data, and is expected to produce more random contact patterns for a shorter correlation
length. The roughness spectrum in this case would show a smaller slope, reflecting the
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smaller Hurst exponent; see Equation 1 and Figure 2. Furthermore, size and cluster-
ing of contact regions are subject to scale effects [Majumdar and Bhushan, 1990], as is
the roughness amplitude of a rock surface [Brown and Scholz , 1985a; Poon et al., 1992;
Fardin et al., 2001]. The investigation of mated rock fractures will be the subject of future
work, but it can be expected that mean aperture and hydraulic aperture are in better
agreement, and the percolation of contact zones is delayed, acting more like an aggregate
porous medium pore space. Further, the presented model provides a complete description
of the deformation behavior, allowing for the computation of fracture normal stiffness, and
the evolution thereof. The self-affine nature of rock fractures raises the question of scale
dependence of pressure solution, and the presented algorithm is capable to investigate
this given the direct representation of roughness across all wavelengths, limited only by
computational efficiency concerns. It has been shown that accurate long time predictions
require the longest wavelength roughness features of a fracture to be represented. Cou-
pled with discrete-fracture network modeling [Paluszny and Matthai , 2010; Lang et al.,
2014], the stress-dependent nature of compaction rates could provide insight to mecha-
nisms that introduce strong directionality in the flow behavior of fractured rock mass.
The transient effects on the frictional strength of fractures, which has been correlated
with both the roughness gradient and contact area [Barton, 1976; Byerlee, 1978; Reeves ,
1985], may warrant further investigation. At shallow depths, presented findings indicate
that frictional strength could be subject to time-dependent change without variations in
fluid pressure or far field stress state.
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5. Conclusions
A numerical pore-scale model for pressure solution compaction in rock fractures has
been developed. It is based on randomly rough, self-affine rock surface geometries, and
solves for elastic contact and diffusion-reaction to compute transient mass dissolution. The
evolution of the pore space, transmissivity, contact ratio, and contact stress arise directly
from the simulation and therefore need not be constrained by empirical relationships. For
small-scale fracture models and pressure solution as a dominant compaction mechanism,
results show that there exists a limit far from complete contact and zero mean aperture
that marks a cease in hydraulic connectivity of the fracture void space. Preceding this
sealing effect is a disproportional decline of mean and hydraulic aperture, indicative of
the progressing isolation of fracture void space, and a transition period from effective to
ineffective porosity. Elastic compression, initially the dominant compaction process, over
time gives way to the irreversible convergence of rock walls, due to mass dissolution at
contact zones. It has been shown that the difference in average aperture between the
rigid and elastically compressed pore space of the fracture is significant, but decreases
over time due to the added support in the form of larger contact zones and concurrent
reduction in elastic compression of the remaining free rock wall. At all times, the inequal-
ity 〈a〉 > 〈am〉 > ah holds, and individual differences exceed ten percent. Specifically, a
fracture model with an initial hydraulic aperture of 13 µm has been shown to close hy-
draulically after thirty years under a temperature and effective confining pressure of 473 K
and 10 MPa, respectively. In contrast, larger aperture fractures of 33 µm subject to 5 MPa
and 423 K have been shown to not reach a sealing state before 1400 years. In either case,
the primary control over compaction rate is the temperature, and the second order control
c©2015 American Geophysical Union. All Rights Reserved.
is the confining pressure. A relationship between mean mechanical aperture and contact
ratio has been found to fit an exponential relationship, dependent only on the initial aper-
ture and not on conditions such as confining pressure or temperature. With respect to
continuum models, it can be concluded that the assumption of proportionality between
the transient decrease in average and hydraulic aperture is not generally applicable. In
addition, it has been shown that convergence rates depend in the early-time on small
wavelength roughness, and in the late-time on long wavelength roughness. The existence
of roughness across all length scales in fracture surfaces suggests that the assumption of a
characteristic length scale, e.g., by means of a roughness factor, a uniform grain diameter
or distributions thereof, results in a model with an associated characteristic time scale.
It follows that dissolution or convergence rates will be underestimated before this time
scale and overestimated thereafter. For accurate long term predictions, models have to
represent the largest roughness features of a fracture.
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Figure 1. The fracture space is formed by a self-affine composite surface and an elastic
body under confining pressure. This study focuses on pressure solution compaction, which de-
scribes mechanically-chemically mediated diffusive flux from within the grain contact zone to the
hydrostatically stressed pore space.
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Figure 2. Power spectral density (PSD) characterization of fracture surfaces, relating the
wavelength of roughness features, λ, or its inverse, the frequency q, to their respective power,
or roughness amplitude. Data for a measured surface shown are for a tensile fracture surface
(4.6×4.6 cm) of a Novaculite core [Yasuhara et al., 2006], limited at the lower frequency end,
qL,m, by the sample size, and to the upper end, q1,m, by the measurement resolution. Surrogate
surfaces (1×1 cm) in this study are generated with smaller sample size, qL,g, but to a higher
resolution, q1,g.
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Figure 3. The contact stress distribution between rough surfaces as a function of magnification
ζ1 < ζ2, here for Rc,1 = 0.08, Rc,2 = 0.065, and confining pressure p = 10 MPa. The stress
enhanced equilibrium concentration, ceq,s, scales exponentially with contact stress as per Equation
4, here for T = 423 K. Note the log scaling of the concentration axis on the right.
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(a) Hydro-mechanical state with the contact stress
field, σ′(x) or σeff (x), in color, and the flow vectors in
black and white glyphs.
(b) The oscillating contact stress field for a too large
time increment ∆t, which renders the explicitly coupled
algorithm unstable.
Figure 4. Flow and contact-stres field of a converged simulation and a simulation rendered
unstable as a result of a too large time increment. Here after 200 years, for a single 1 × 1 cm
composite surface of H = 0.8, hrms = 16 µm and L = 256 under an effective confining pressure
of p′ = 5 MPa. The LL model was used with T = 423 K and f = 0.1.
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Figure 5. Flow chart of the simulation algorithm for the Bernabe´ and Evans (BE) and Lehner
and Leroy (LL) dissolution models. Results of individual steps are indicated by dashed arrows,
and inputs to individual steps are found underneath the step description.
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Figure 6. Cut-plane through the surfaces of the rigid and elastic body during the evolution
of a fracture with a 1 × 1 cm composite surface of H = 0.8, hrms = 8 µm and L = 256 under
an effective confining pressure of p′ = 10 MPa. The LL model was used with T= 423 K and f
= 0.1. Indicated is the aperture of the rigid pore space, a, and the mechanical aperture of the
elastically compressed pore space, am. Note the scaling difference between abscissa and ordinate.
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(a) Comparison of dissolved grain height between the numer-
ical BE model and the semi-analytical LL model.
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(b) Evolution of rigid composite surface
in contact with the elastic plane around
the tip for T = 433 K. Note the difference
in scaling between ordinate and abscissa.
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(c) The concentration profile for T =
433 K.
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(d) The contact stress field for T = 433 K.
Figure 7. Pressure solution of a single, spherical asperity (rg =600 µm), illustrated in form
of a central cut-plane in x-direction. For all illustrations the acting normal force, Fn, equals to
A0σ0 = 0.56 N, and the diffusion factor of the contact zone f = 1.0E-3.
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(a) Initial composite surface, H = 0.8,
hrms = 8µm and L = 256. Note that
the in-plane and roughness axes are not
to scale for illustration purposes.
(b) Surface after ten years. The rough-
ness has reduced to hrms = 7.75µm as a
result of localized dissolution at the up-
permost asperities.
(c) Initial hydro-mechanical state: ah =
8.6 µm, Rc = 0.019, σ′max = 2.5 GPa. Il-
lustrated is the contact area colored ac-
cording to local normal stress, and fluid
flow velocity glyphs in black and white.
(d) Hydro-mechanical state after ten
years: ah = 6.3 µm, Rc = 0.094, σ′max
= 0.21 GPa. Note the change in the mag-
nitude of the color bar scale.
(e) Initial pressure solution concentration
field: cmax = 2.7E-4.
(f) Pressure solution concentration field
after ten years: cmax = 2.5E-4. Note the
change in the magnitude of the color bar
scale.
Figure 8. Early-time pressure solution of a fracture using the BE model under p′ = 10 MPa,
T= 423 K and f = 0.1 over ten years.
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(a) The mean contact stress over the contacting fraction of the surface, 〈σeff 〉. The
inset shows the roughness power spectrum and the difference in cut-off wavelength
between the surfaces.
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(b) The average mechanical aperture 〈am〉, the hydraulic aperture, ah, and the
contact ratio, Rc.
Figure 9. Effect of cut-off wavelength on the modelling of pressure solution for a 1 × 1 cm
surface of H = 0.8 and hrms = 8 µm. Here for the BE model, p′ = 5 MPa, T = 423 K, f = 0.1,
and two surfaces of L = 1024 and L = 256.
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Figure 10. A comparison of the LL and BE model at p′ = 10 MPa, T = 423 K, and f =
0.1 over ten years on a 1 × 1 cm, H = 0.8, hrms = 8 µm, L = 256 surface. Shown are the
evolution of the maximum surface elevation, hmax, the average mechanical aperture of the pore
space, 〈am〉, and the contact ratio, Rc. Symbols indicate the mean obtained from simulations of
50 statistically identical surfaces, and error bars illustrate the range between the minimum and
maximum value.
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(a) Long-term evolution of the average rigid aperture, 〈a〉, the average mechanical
aperture of the elastically compressed pore space, 〈am〉, the equivalent hydraulic
aperture, ah, and the contact ratio, Rc.
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(b) Dominant compaction mechanisms as a function of time. Compaction is
understood as a fraction of the initial, unstressed fracture pore space.
Figure 11. Characteristic evolution of fracture parameters during pressure solution. Here, for
a single 1 × 1 cm composite surface of H = 0.8, hrms = 8 µm and L = 256 under an effective
confining pressure of p′ = 10 MPa. The LL model was used with T = 423 K and f = 0.1.
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(a) Initial state. (b) After 19 years.
(c) After 48 years. (d) After 100 years.
Figure 12. Long-term hydro-mechanical evolution of a fracture composite surface of H = 0.8,
hrms = 8 µm and L = 256 under an effective confining pressure of p′ = 10 MPa. The LL model
was used with T = 423 K and f = 0.1. Displayed is the contact stress field, in colored regions,
and the left-to-right flow field, in filtration velocity proportional glyphs. Note the decreasing
maximum value of the contact stress color bars.
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(a) Deterioration of hydraulic aperture, ah, with time.
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(b) Relationship between mean mechanical aperture, 〈am〉, and contact ratio,
Rc.
Figure 13. Points mark averages of simulations for two surfaces of identical statistics at
different combinations of hrms = 8 and 16 µm, p′ = 5 and 10 MPa, and T = 423 and 473 K. The
LL model was used in all cases and f = 0.1, L = 256 of 1 × 1 cm lateral extension.
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(a) Comparison between the hydraulic aperture obtained from an approximate
closed form expression in Zimmerman and Bodvarsson [1996] and the numerical
solution.
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(b) Distribution of mechanical aperture, am, as the contact area, Rc, increases
with continued pressure solution. Contact elements, i.e., zero values, are not
accounted for.
Figure 14. Comparison to an analytic model. Here for H = 0.8, hrms = 16 µm and L = 256
under an effective confining pressure of p′ = 10 MPa. The LL model was used with T = 473 K
and f = 0.1.
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Table 1. Values of constants used to study the heterogeneous reaction of pressure solution
in a water-silica system [Lehner and Leroy , 2004; Bernabe´ and Evans , 2007]. Note the use of R,
the gas constant, and T, the system temperature in Kelvin.
Constant Value Unit
D 9.0E-7 exp(-15000/RT) [m2 s−1]
Ωs 3.7E-29 [m
3]
ρs 2650 [kg m
−3]
ρf 1000 [kg m
−3]
w 1.0E-8 [m]
ceq 0.055E-(0.254+1107.12/T) [-]
kd 2.27E-(3.826+0.002028T+4158/T) [m s
−1]
E 95.6E9 [Pa]
ν 0.08 [-]
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Table 2. Aperture evolution for 1 × 1 cm models of different roughness and pressure-
temperature conditions governed by the LL model and f = 0.1, L = 256. Results are averaged
for two statistically identical surfaces. The termination criterion is ah < 0.1 µm. Input parameters
are denoted by bold font.
hrms [µm] 8 16
〈a〉initial [µm] 21.48 48.83
p′ [MPa] 10 5 10 5
Rc,initial [-] 0.017 0.009 0.009 0.005
〈am〉initial [µm] 12.61 14.49 32.50 35.75
ah,initial [µm] 10.10 12.22 29.13 32.50
T [K] 473 423 473 423 473 423 473 423
tfinal [y] 29 178 66 374 101 700 296 1455
Rc,final [µm] 0.41 0.41 0.41 0.41 0.50 0.52 0.52 0.52
〈a〉final [µm] 7.39 6.47 5.99 5.53 9.15 7.42 7.07 6.63
〈am〉final [µm] 4.27 4.23 4.25 4.34 6.72 5.93 6.00 5.87
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Table 3. Notation
a(x) Rigid aperture
ah Hydraulic aperture
am(x) Mechanic aperture
A0 Nominal area
Ac Contact area
BE Bernabe´-Evans
c Concentration
ceq Temperature equilibrium concentration
ceq,s Stress-enhanced equilibrium concentration
C Power spectrum
D Diffusion constant in the free fluid
D∗ Diffusion constant in the intergranular fluid
E Young’s modulus
E∗ Composite modulus
f Scaling factor of the intergranular diffusion constant
Fn Normal force
h Surface height
hrms Root-mean-square surface height
H Hurst exponent
J Mass flux
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Table 4. Notation cont.
k Permeability
kB Boltzmann’s constant
kd Dissolution rate constant
Kf Fracture transmissivity
L Surface edge length
LL Lehner-Leroy
p Confining pressure
p′ Effective confining pressure
pf Fluid pressure
q Wavevector magnitude
q0 Roll-off frequency
q1 Short-distance cut-off frequency
Q Total inflow rate
rg Grain radius
rc Contact radius
R Gas constant
Rc Contact ratio
Rc,i Initial contact ratio
Rc,perc Percolation contact ratio
t Time
T Temperature
u Flow rate
w Intergranular layer thickness
x = x, y Surface in-plane coordinate vector
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Table 5. Symbols
γ1,2,3 Fitting parameters
ζ Magnification
λ Wavelength
λ0 Roll-off wavelength
λ1 Short-distance cut-off wavelength
µ Fluid viscosity
L Number of grid cells along one axis
ν Poisson’s ratio
ρf Water density
ρs Quartz density
σ′ Effective normal contact stress
Ωs Molecular volume
c©2015 American Geophysical Union. All Rights Reserved.
